lar size (9) and sperm count (10, 11) and increased prevalence of oligospermia and azoospermia (11) . One study of women working in a semiconductor manufacturing facility found an increased risk of miscarriages in photolithography workers who used EGE and in diffusion workers (12) . Although no specific chemical exposures were evaluated and the number of pregnancies among photolithography workers was small, the increased rate of miscarriages raised concerns about possible reproductive effects from exposure to EGE and their acetates.
Fabrication of semiconductor devices or integrated circuits involves a series of chemical and physical processes applied to a crystalline wafer of silicon (13) . These processes include oxidation, photolithographic patterning, etching, junction formation, layer deposition, and metallization. EGE and their acetates are used primarily as components of photoresist, a photosensitive material used to coat the wafer during microlithographic patterning. Wafer fabrication takes place in clean room environments where recirculated air is passed through high-velocity filters to remove particles that might settle on the wafer and interfere with circuit formation; however, this filtration process does not remove gases or vapors from the environment. In these environments, possible routes of exposure to EGE and their acetates include inhalation and skin contact during spills as well as during restocking of photoresist source containers and cleaning of coating devices (14) . The potential for inhalation as a significant route of exposure is low, given the small amounts of EGE used at any given time during wafer fabrication, equipment of work stations with local exhaust ventilation, and low evaporation rates and the low airborne concentrations of EGE in semiconductor clean rooms (less than 1 part per million (ppm)) (3, 14) . On the other hand, the potential for dermal absorption may be significant since mixtures containing EGE may permeate the "bunny suits" and rubber gloves used by clean room manufacturing workers (3, (14) (15) (16) .
In 1985, semiconductor companies in the United States employed approximately 200,000 workers, 31 percent in semiconductor fabrication (17) . Since semiconductor manufacturing employees tend to be in their reproductive years and are comprised of a substantial proportion of women, this occupational group provided a unique opportunity to evaluate possible reproductive hazards in both women and men.
MATERIALS AND METHODS
As part of larger study of reproductive health, we examined the hypothesis that potential exposure to EGE and their acetates used in semiconductor manufacturing might impair reproduction in female and male workers in two semiconductor manufacturing plants. We obtained interview data on reproductive and job histories, combined them with plant records, and determined potential exposure to mixtures containing EGE during the period 1980-1989.
Study population
To evaluate reproductive outcomes among semiconductor manufacturers, we selected workers employed at two semiconductor manufacturing plants (plants I and H) in the eastern United States during January to March 1989. The study sample was drawn from computerized personnel records. Eligible subjects were female and married male employees who at the time of sample selection had worked full time at the study plants for at least 6 months during the period 1980 to time of interview and were aged 20-44 years.
Eligible subjects were contacted by mail and telephone to determine their willingness to participate in the study. Wives of male employees were also invited to participate. We excluded couples in which one member had had surgical sterilization before 1980 or where the male employee reported marital disruption at the time of the interview. The investigation was described to both interviewers and potential participants as a study of reproductive health. Employees were interviewed in person in private offices on site during working hours, while wives of male employees were interviewed in their homes or by telephone. All interviews were conducted between June 1989 and June 1990 by trained interviewers using a standardized computer-assisted questionnaire to facilitate the use of skip and branching patterns in retrieving reproductive and occupational histories.
In addition to information on sociodemographic characteristics of participants (i.e., birth date, race/ ethnicity, education) and marital and medical histories, reproductive histories were obtained from female employees, male employees, and the wives of male employees. Information was obtained on all pregnancies to the time of interview and included number of pregnancies, whether trying to conceive had taken more than 1 year, outcome of each pregnancy (i.e., miscarriage, induced abortion, ectopic pregnancy, stillbirth, livebirth, or pregnant at interview), and date and gestational age at the end of each pregnancy or at the time of interview. In addition, for each pregnancy during the study period (i.e., 1980 to the time of interview), information was obtained on time to conception; cigarette smoking; consumption of alcohol or caffeine; use of recreational drugs; use of medications; medical conditions or treatments; and household exposures to solvents, metals, and insecticides. We did not obtain information on income, body mass index, stress, or physical activity.
Occupational history questions ascertained for each job the area within a plant, processes within a manufacturing area, and "tools" (i.e., instruments or chemicals) within each process. Each employee was shown his or her personnel record (i.e., a chronology of departments and positions worked) and was asked to define his or her chronology of. jobs at the respective facility. Then, starting with the first job, each employee was asked to identify the corresponding area, shift(s), process(es) worked, and tools used per process. Lists of processes and corresponding tools within each area of each plant (i.e., area/process/tools cards) were used as memory cues. The occupational history part of the questionnaire and the area/process/tools cards were developed with assistance from employees and industrial hygienists at the plants. A reinterview study of a sample of 232 employees demonstrated that process-level information could be recalled with acceptable levels of reliability (kappa = 0.5-0.6) (18) . Employees who worked as equipment maintenance Am J Epidemiol Vol. 143, No. 7, 1996 specialists had varied jobs, which made assessment of exposure difficult, and therefore, they were excluded.
To examine reproductive outcomes in relation to potential chemical exposures during the study period, we selected pregnancies that began while workers were employed in clean room manufacturing areas where such chemicals were used. We did not attempt to examine infertility. Study pregnancies were identified by Unking pregnancies of female employees with their occupational histories and pregnancies among the wives of male employees with the occupational histories of their husbands. The conception time of a pregnancy was estimated from the reported gestational age and pregnancy end date. Multiple pregnancies in a woman over the study period were treated as independent observations and as dependent outcomes to address possible effects of previous pregnancy outcomes. In addition, separate evaluations were conducted on the subset of first pregnancies to minimize possible bias due selection of women with adverse pregnancy outcomes, who are more likely to remain in the workforce compared with women who have term pregnancies. Evaluation of subfertility was restricted to pregnancies with available information on whether the couple had been trying to conceive without use of contraception. We also examined the waiting time to conception among women not using contraception who experienced pregnancies during the study period.
Spontaneous abortion was defined as a clinically recognized pregnancy reported to have ended as a miscarriage, and subfertility was defined as a pregnancy achieved after trying to conceive for more than 1 year of unprotected intercourse. These pregnancy outcomes were ascertained from reproductive histories of participating women. A review of medical records successfully traced 74 percent of the reported spontaneous abortions and indicated that 94 percent of these reports could be confirmed.
Assessment of potential exposure to EGE
Assessment of potential exposure to mixtures containing EGE during critical periods of each study pregnancy was conducted independently of reproductive outcome and involved two steps. First, critical exposure periods were defined as month of conception for miscarriage and month of conception or 12 months before conception for subfertility. Matrices of processes and required chemicals developed from plant records were then used to determine potential chemical exposure profiles for manufacturing processes worked on during critical exposure periods. On the basis of these matrices, we determined that use of EGE or their acetates (i.e., diethylene glycol dimethyl ether or ethylene glycol monoethyl ether acetate) occurred primarily in processes where photoresist chemical mixtures were formulated or applied to wafers (i.e., chemical mixing and photolithography processes) at both plants. Thus, employees who worked on these processes during a critical exposure period were classified as potentially exposed to mixtures containing EGE. We further differentiated EGE exposure using information on the extent to which an employee worked on processes that required EGE or their acetates. During a critical exposure period, we considered work on photoresist processes only to have the highest potential for exposure to EGE and work on a combination of photoresist and nonphotoresist processes to have an intermediate potential for exposure because the time spent in nonphotoresist afforded less opportunity for contact with photoresist chemicals. Use of EGE-based solvents also occurred in develop and strip and clean processes in one plant, but to a more limited extent; we estimated the potential for exposure to EGE in these processes to be low. Finally, we considered work on clean room manufacturing processes that required no use of EGE as having no potential for direct exposure and treated this group as a reference.
Statistical analysis
We conducted internal comparisons within the cohort of pregnancies of female clean room manufacturers and within the cohort of pregnancies to wives of male clean room manufacturers to minimize possible selection effects of sociodemographic and lifestyle characteristics and physical stress. The unit of analysis was a study pregnancy. The unadjusted rate of spontaneous abortion was calculated from the number of spontaneous abortions by using all recognized pregnancies as the denominator (19) . The unadjusted rate of subfertility was calculated from the number of pregnancies that were conceived after more than 12 months of trying to get pregnant, using for the denominator eligible pregnancies. We used \ 2 tests to evaluate possible linear trends of miscarriage and subfertility with level of potential exposure to EGE (20) . In addition, we analyzed spontaneous abortion in relation to EGE exposure group by using survival analyses methods to account for variable periods of observation for pregnancies terminated for reasons other than spontaneous abortion (21) . In the latter analyses, we defined spontaneous abortions as "failures" and all other outcomes as "censored" observations; follow-up time was gestational age. Multivariate analysis of subfertility was based on logistic regression modeling (22) . In addition, we analyzed time to conception for pregnancies conceived without the use of contraception using survival analyses methods. All regression 710 Conrea et al. models included EGE exposure group as a categorical variable (none, low, medium, and high); potential effect modifiers or confounders included year of conception (before 1986, 1986 or later), maternal age at conception (less than 30 years, 30 or more years), number of previous pregnancies (less than 2, 2 or more), number of miscarriages (less than 2, 2 or more) in previous pregnancies, race (white, nonwhite), education (12 or fewer years, more than 12 years), maternal cigarette smoking during the first month of pregnancy (no, yes), maternal consumption of alcoholic beverages during the first month of pregnancy (no, yes), and plant (I, H). To account for possible lack of independence among pregnancy outcomes in women who experienced more than one pregnancy, we also used logistic regression models with parameter estimates derived from the General Estimating Equations (23) and conducted analyses restricted to first pregnancies.
RESULTS
The numbers of full-time female and male workers listed in personnel department files for the first quarter of 1989 at the two study plants were 2,563 and 3,199, respectively. There were 185 ineligible female employees and 881 ineligible male employees; maintenance work and marital status accounted for the larger number of ineligibles among male employees. Of the eligible subjects, 2,198 female employees and 2,245 male employees could be contacted and were invited to participate in the study. A total of 486 female employees and 950 male employees or their spouses refused to participate. Participating and nonparticipating employees were similar in sex, age, marital status, work area, and shift worked at the time of recruitment. Participating women included 1,712 female employees and 1,295 wives of male employees; there were 27 female employees married to male employees and these were included among female employees. There were 1,150 pregnancies to workers employed in clean room manufacturing during the study period, 561 among 378 female semiconductor manufacturers and 589 among 375 wives of male semiconductor manufacturers. These pregnancies are the focus of this report.
The majority of participating women were under age 35 years at the time of interview, had completed high school or 1-3 years of vocational training or college, were white, and had worked at the study plants for at least 2 years (table 1) . About equal numbers of female and male employees had worked in each plant, and over 60 percent of the participating women had only one pregnancy during the period of interest. • Numbers may not add up to total and percent to 100 due to missing data.
The rate of spontaneous abortion increased with calendar year of conception among female employees but not among wives of male employees, and with age at conception, particularly among female employees (table 2). There was no consistent variation in the rate of spontaneous abortion with reproductive history or pregnancy order, number of previous spontaneous abortions, years of education, cigarette smoking, or drinking alcoholic beverages in the first month of pregnancy. The rate of spontaneous abortion was slightly higher in plant I and increased with potential exposure to EGE, but only among pregnancies to female employees (x 2 for trend = 5.03, p = 0.02). Table 3 shows the relative risks for spontaneous abortion and EGE exposure group, adjusted for year of conception, maternal age at conception, prior spontaneous abortions, study plant, and number of previous pregnancies, by pregnancy group. Among pregnancies to female employees, the relative risk for spontaneous abortions increased with maternal age and with increasing potential for exposure to EGE. Pregnancies with the highest potential for EGE exposure showed a threefold greater risk of spontaneous abortion. Analy- sis restricted to spontaneous abortions confirmed by medical records (n = 61) yielded similar results: For the high exposure group among female employees, the adjusted relative risk (RR) was 2.9 (95 percent confidence interval (CI) 1.2-7.0). In contrast, potential exposure to EGE among male employees was not associated with an increased risk of spontaneous abortion among pregnancies to their wives. In both pregnancy cohorts, the results did not change after adjustment for covariates listed in table 2 or after further adjustment for race/ethnicity, alcohol drinking, and cigarette smoking in the first month of pregnancy. In addition, • Number of reported spontaneous abortions per 100 clinically recognized pregnancies, t RR, relative risk; Cl, confidence interval. t Adjusted rate ratios were obtained from a Cox proportional hazards model that was stratified by number of previous pregnancies and included all variables listed as well as year of conception, maternal education, and study plant.
§ EGE, ethylene glycol ethers. Mixtures containing diethyiene glycol dimethyl ether and/or ethylene glycol monoethyl ether acetate.
logistic regression analysis of spontaneous abortion and EGE exposure taking into account the possible within-woman correlation between pregnancy outcomes yielded estimates that were similar to those obtained in table 3 . Among female employees, the rate of subfertility increased with year of conception, maternal age at conception, and smoking during the first month of pregnancy and decreased with pregnancy order and drinking alcohol in the first month of pregnancy (table  4) . The rate of subfertility among female employees also increased with potential exposure to EGE (x for trend = 5.45, p -0.02). Among wives of male employees, the rate of subfertility increased with number of previous spontaneous abortions, nonwhite race/ethnicity, and smoking in the first month of pregnancy and decreased with drinking alcohol in the first month of pregnancy.
Odds ratios for subfertility and EGE exposure group, adjusted for year of conception, maternal age at conception, maternal education, previous miscarriages, and plant are listed in table 5 by pregnancy group. Among female employees, the odds of subfertility increased with potential exposure to EGE at conception such that pregnancies with the highest potential for EGE exposure showed a fivefold greater odds of subfertility compared with the reference group. Among wives of male employees, the odds of subfertility were greater among those with any potential for exposure to EGE (adjusted OR = 1.6, 95% Cl 0.8-3.0), but this was not statistically significant, nor was there a trend with exposure level. In both pregnancy cohorts, these results did not change after adjustment for race/ethnicity, alcohol consumption, and cigarette smoking in the first month of pregnancy. We also examined subfertility and EGE exposures 12 months prior to conception among pregnancies for which duration of employment in clean room manufacturing was at least 1 year. Within the cohort of pregnancies to female employees, the prevalence of subfertility among those with any potential for EGE exposure 12 months prior to conception was 15.0 percent compared with 8.9 percent in those with no potential for direct EGE exposure, but this difference was not statistically significant (adjusted OR = 1.9, 95 percent Cl 0.8-4.3). Within the cohort of pregnancies to wives of male employees, the prevalence of subfertility among those with any potential for EGE exposure 12 months prior to conception was 13.1 percent compared with 9.7 percent among pregnancies with no potential for direct EGE exposure, but this difference was not statistically significant (adjusted OR = 1.5, 95 percent Cl 0.8-2.5). For both pregnancy cohorts, results from analysis of time to pregnancy as continuous were consistent with those obtained when the outcome variable was "trying to conceive for more than 1 year." That is, among pregnancies to female employees, the relative hazard for pregnancy was lower for women with medium-to-high potential for exposure to EGEs (i.e., medium potential for exposure: adjusted RR = 0.8, 95 percent Cl 0.6-1.1; high potential for exposure: adjusted RR = 0.7, 95 percent Cl 0.4-1.1). On the other hand, among pregnancies to couples with male employees, the relative hazard for pregnancy varied less with potential for exposure to EGE (i.e., medium potential for exposure: adjusted RR = 0.8, 95 percent CI 0.6-1.1; high potential for exposure: adjusted RR= 0.9, 95 percent CI 0.6-1.2).
DISCUSSION
We found that among pregnancies to semiconductor manufacturers the prevalence of potential exposure to mixtures containing EGE (i.e., employee had worked on chemical mixing or photoresist processes at the * Number of pregnancies conceived after 1 year of trying without contraception per 100 clinically recognized pregnancies, t OR, odds ratio; Cl, confidence interval. t Adjusted odds ratios were obtained from a logistic regression model that included all variables listed as well as year of concepton. maternal education, previous miscarriages, and study plant.
§ EGE, ethylene glycol ethers. Mixtures containing diethylene glycol dimethyl ether and/or ethylene glycol monoethyl ether acetate.
time of conception) was 30 percent. Although the overall rates of spontaneous abortion among female employees (16.6 percent) and spouses of male employees (14.3 percent) were within the range reported in other populations in the United States (24, 25), we found that the risk of spontaneous abortion among pregnancies to female employees was increased with potential exposure to EGE. Women with the highest exposure potential had a threefold increased risk of spontaneous abortion compared to female employees with no potential for direct exposure to EGE. In contrast, we did not observe an increased risk of spontaneous abortion in pregnancies to wives of male employees potentially exposed to EGE. We also found evidence that work on processes with direct exposure to EGE was associated with an increased risk of subfertility in female employees and a suggestion of a similar effect in male employees and their wives. These associations with spontaneous abortion and subfertility remained after several potential effect modifiers and confounders were accounted for. Since we selected participants from current workers, there was a possibility of selective withdrawal from the workforce by more fecund individuals, thereby increasing the proportion of workers with reproductive disorders among participants. To assess this possibility, we examined data from 161 women who were wives of current male employees, who had previously worked at the study plants, and who had voluntarily terminated their employment. We found that the rates of spontaneous abortion were similar among former and current female employees, suggesting that selection of women with reproductive problems in the workforce is not a common occurrence.
Information on pregnancy outcomes was obtained by interview of the women themselves. Therefore, there was a possibility for differences in accuracy of recall between exposure groups. However, our results did not change when we adjusted for maternal age and year of conception, which indicates that age-or timerelated differences in reporting of spontaneous abortion is not a likely explanation. Differences in falsepositive reports of spontaneous abortion is another possible problem. However, analysis restricted to spontaneous abortions that were confirmed by medical records did not change the associations with exposure to EGE. Therefore, differences in recall of spontaneous abortions is not an explanation for our results.
The histories of processes worked on were obtained by interview of the employees, so differential recall of processes requiring use of photoresist is another possible problem. However, this is unlikely since the study was not designed to address EGE use per se. In addition, we kept reproductive and occupational histories as separate sections in the questionnaire and elicited detailed information by using personnel records and other memory cues to identify possible processes. We also conducted a prospective study of pregnancy loss among female employees in the same plants and obtained similar results.
Lack of specific measurements of exposure to EGE for study subjects was one limitation of the study. Classification of potential exposure to these solvents was based on reported processes and plant records that indicated whether or not specific processes required use of EGE. Industrial hygiene data from the two plants during the study period corroborated that EGE were detectable in the photolithography area; how-ever, the mean air levels for EGE in this area were quite low (less than 0.2 ppm), well below the proposed federal industrial standard (0.5 ppm) (4). We believe these levels reflect the limited use of these chemicals, their low evaporation rates, and local exhaust ventilation used in clean rooms and suggest limited intersubject variation in respiratory exposure to EGE within the clean rooms. Since EGE may break through gloves worn by clean room workers (14, 15) and be absorbed through the skin (16, 26) , we considered dermal contact to be the most probable significant route of exposure and used processes that required direct use of EGE as an indicator of potential exposure. This approach allowed us to develop a semiquantitative measure of potential exposure and to evaluate possible exposure-response effects.
The nature of semiconductor manufacturing made it difficult for us to address the question of whether the associations noted were specific to EGE. In the clean room environment, we found that an employee could work on several processes and chemicals at the same time. For instance, at the time of conception, we found that a female employee in clean room manufacturing generally worked on 2-3 processes, which on average required use of six different chemicals. In particular, work with the photoresist mixture entailed use of hexamethyldisilazine, n-butyl acetate, n-methyl-2-pyrrolidine, and xylene at the same time. We attempted to distinguish between the effects of these photoresist chemicals when they were used as components of EGE-based photoresist compared with their effects when they were used elsewhere as solvents. We found that in the absence of EGE-based photoresist, the risks of spontaneous abortion and subfertility were not significantly associated with exposure to n-butyl acetate, n-methyl-2-pyrrolidine, xylene, or chemicals required in other processes including diffusion (data not shown). However, we were unable to evaluate the independent effect of hexamethyldisilazine since this chemical was not used without EGEbased photoresist or of EGE alone since these were always used with the above chemicals. That is, we could not differentiate the effects of the photoresist mixture in which the EGE were used from the effects of components of this mixture other than EGE. Although only the EGE have been demonstrated to be associated with testicular and embryo toxicity in animals (5) (6) (7) (8) and with impaired testicular function in humans (9) (10) (11) 27) , the possibility that another correlate of exposure to EGE (e.g., photoresist chemical mixture) represents the real risk factor for both spontaneous abortion and subfertility cannot be excluded.
Retrospective evaluation of exposures in relation to subfertility may be difficult since subfertility does not have a discrete onset (28) and in some instances may precede the exposure of interest. We attempted to address this issue by examining subfertility in relation to potential exposure to EGE at conception as well as 12 months before and obtained similar results. The observed delayed time to conception among women potentially exposed to EGE may reflect an increase in early pregnancy loss and is consistent with the observed increase in miscarriage in the same exposure groups. The suggestion of an increased rate of subfertility among couples with the male potentially exposed to EGE is consistent with the well-documented toxic effects of these chemicals on testicular function in animal experiments (2, 3, 5, 6 ) and with the limited human studies, suggesting abnormalities of semen parameters (9-11, 27).
We were not able to address certain other issues in this study. First, since we conducted comparisons among clean room workers because they had similar sociodemographic and lifestyle characteristics, we could not evaluate associations between these factors and adverse pregnancy outcomes. Second, we did not attempt to measure psychologic stress, physical activity, or body mass index retrospectively since we were concerned that the information we could obtain on these variables would be of limited quality and complicate an already lengthy interview. Therefore, we could not address the possible associations between these factors and spontaneous abortion and subfertility nor could we exclude the possibility that these factors confounded the results of this study. Finally, concerns about selection bias for infertility led us not to examine this as a possible outcome. Therefore, we could not address the issue of whether effects from exposure to EGE are limited to those observed in this study.
Strengths of this study include the similarity of the EGE-exposed and comparison groups, use of reliable job histories and plant records to assess potential exposure to EGE in manufacturing processes, a semiquantitative scale of potential exposure, and consistency of results across study plants. When we examined our data for potential biases, we found none likely to explain the results. Furthermore, our findings are consistent with a previous report of an increased risk of spontaneous abortion associated with work in photolithography in semiconductor manufacturing (12) and with the adverse effects of EGE exposure on testicular function reported in other occupational settings (12, 27) . In addition, our findings are consistent with reports of an increased risk of spontaneous abortion among women and wives of men occupationally exposed to solvents (29) (30) (31) (32) (33) . In contrast to an earlier observation (12), we did not observe an association between spontaneous abortion and work in diffusion.
We conclude that work with mixtures containing EGE and their acetates in semiconductor manufacturing was associated with increased risks of spontaneous abortion and subfertility among couples where there was a female employee and a possible increased risk of subfertility among couples where the employee was male.
Ethylene glycol ethers are biologically activated by alcohol dehydrogenase to alkoxyacetic acid metabolites (34) . Given their rapid skin absorption and the long half-life of their metabolites (1 to 2 days) (15) , daily exposure to low levels could result in tissue accumulation and continuing toxicity once exposure has ceased. The precise mechanisms by which EGE cause reproductive damage remain unknown, but studies suggest that alkoxyacetic acids may interfere with the formation of nucleic acids (35, 36) . Thus, toxicity may be more apparent in tissues undergoing rapid cell proliferation, such as during spermatogenesis, embryogenesis, and fetal development
In the United States, widespread reformulation over the past several years has virtually eliminated EGE and their acetates from consumer products, and a combination of engineering controls and personal protective equipment have reduced occupational exposures to these chemicals in recent years. However, results of this study suggest that further efforts to prevent such exposures are needed. Since the estimated annual operating costs to the industry are lower for substitution than for engineering controls and personal protective equipment ($83 million vs. $1.25 billion), to attain a permissible exposure level (37) , compliant industries are likely to opt for substitution with solvents of apparently lower toxicity (38) . A remaining concern, however, is whether similar controls to prevent occupational exposure to EGE and their acetates will occur in countries that continue to use these chemicals.
Reproductive disorders and abnormalities of fetal development are serious and prevalent health problems. The relative contribution of occupational factors to these problems is poorly defined (24) . The increasing numbers of women of reproductive age entering the workforce and occupational use of new chemicals or combinations of chemicals whose reproductive and developmental toxicity is unknown suggest the need for further studies to improve strategies for prevention.
